The specimens of a high carbon chromium steel were quenched and tempered at 150°C, 180°C and 300°C. Such specimens were tested via rotating bending and a push-pull type of axial loading to investigate the influences of loading condition on the behaviour of very-high-cycle fatigue (VHCF). Experimental results show the different influences of inclusion size on the fatigue life for the two loading conditions. Predominant factors and mechanism for the fine-granular-area (FGA) of crack origin were discussed. In addition, a reliability analysis based on a modified Tanaka-Mura model was carried out to evaluate the sensitivity of inclusion size, stress, and K FGA to the life of VHCF crack initiation. 
Introduction
Very-high-cycle fatigue (VHCF) is the fatigue failure of metallic materials with the number of loading cycles beyond 10 7 . There is an increasing demand of interpretation for the behaviour and mechanism of VHCF crack initiation and life scatter, due to the safety design for industrial structures or components, especially for aircrafts, automobiles, ships, and railways, which need to endure a long period of cyclic loading up to 10 10 cycles. Naito et al. [1] indicated that VHCF has its particular features for high strength steels and started systematic study for this topic in 1980s. S-N curves for high strength steels including VHCF regime often present a step-wise tendency (duplex S-N curves [2]), and it is a challenge for the safety design of industrial structures or components under the current criterion of conventional fatigue limit defined at 10 7 loading cycles. The behaviour of VHCF fatigue crack initiation and propagation may become comparably significant for airworthiness. The influence of loading condition, namely the control volume and loading frequency, on VHCF has been studied, in which the concept of control volume was first proposed by Murakami et al. [3] to interpret the decrease of fatigue strength under axial loading. Control volume is defined as the volume of the tested part of the specimen, in which potential fracture origins exist. The control volume for axial loading specimens is about several times of that for rotating bending specimens because of the existence of stress gradient for the latter condition. The inclusion size under axial cycling is with distribution potentially larger than that under rotating bending; thus the fatigue strength is degraded under axial loading [4] . Loading frequency may influence the fatigue strength of materials, and its effects differ with different microstructures. Zhao et al. [5] revealed that loading frequency has little influence on specimens with higher tensile strength, whereas for the other specimens with lower tensile strength the fatigue resistance is markedly high in ultrasonic cyclic testing. Zhang et al. [6] found that the higher frequency produced an upper shift of the S-N curves for superalloy IN718. Tschegg et al. [7] indicated that the fatigue strength of bcc metals is more sensitive to loading frequency. However, loading frequency does not change the failure mode of specimens [8] .
For VHCF, loading stress is always below the conventional fatigue limit, and the interior defects such as nonmetallic inclusions acting as a stress raiser become fatigue crack origin with the pattern of fine-granular-area (FGA) [9] on fracture surface. Recent studies [10, 11] have confirmed the existence of fine grains in FGA. Surface defects may become non-propagating cracks [12] , and sometimes grain boundary could also become a crack origin for high carbon chromium steel under low tempering temperature [5, 13] . It is also revealed that fatigue crack initiation within FGA is dominated for high cycle fatigue (HCF) and VHCF, and FGA consumes more than 90% fatigue life [14, 15] . Thus, microstructure barriers near the fatigue crack origin are responsible for crack initiation and determine the fatigue life scattering. On the contrary, fatigue cracks grow in elastic-plastic field with less microstructural influence for low cycle fatigue (LCF) [16] . Studies on VHCF mechanism have shown that it is the microstructure that plays an important role in the process of interior fatigue crack initiation with FGA morphology. The predominant features of microstructure include spherical carbide [17] , hydrogen [18] , inclusion size [19] , and chemical compositions of inclusion [20] . It is also reported that, the threshold value of VHCF crack initiation ΔK FGA is approximately equal to the threshold value of crack propagation ΔK th regardless of the microstructures [21] .
The location of dominated inclusion either near the surface or far from the surface is the key factor to the failure mode transition with or without FGA, and leads to the large scatter of S-N curves [16, 22] . A number of studies on fatigue crack propagation also show that fatigue crack growth behaviour near the threshold differs with respect to the change of tempering temperature [23] [24] [25] .
In this paper, a type of high strength steel was used and the specimens were quenched and then tempered at 150°C, 180°C and 300°C, respectively. Rotating bending and axial loading fatigue tests were performed to investigate the influence of loading condition on the S-N curve scatter from the LCF regime to the VHCF regime. And the reliability analysis based on a modified Tanaka-Mura model was carried out to evaluate the sensitivity of inclusion size, stress, and K FGA for the fatigue failure with interior inclusion initiation.
Experimental procedure
The test material is a high carbon chromium steel with the chemical compositions (wt.%) of: 1.06 C, 1.04 Cr, 0.88 Mn, 0.34 Si, 0.027 P and 0.005 S (Fe balance). The specimens were austenitized at 845°C for 2 hours in a vacuum, then oil-quenched and tempered for 2 hours in a vacuum at 150°C, 180°C and 300°C, respectively. Such heat-treated specimens are of the microstructure with tempered martensite, retained austenite and carbides. The volume fractions of retained austenite decrease as tempering temperature increases from 150°C, 180°C, to 300°C , which was measured by means of X-ray diffraction (tube: Cu-K  , voltage: 40kV, current: 40 mA, scanning speed: 1°/min) with the results shown in Figure 1 . With respect to the heat treatment procedure and the loading condition, the specimens are classified into six groups, the code and mechanical properties of each specimen group are listed in Table 1 .
Rotating bending fatigue test was performed for RB specimen groups by using a "Giga-Quad" machine at room temperature with the rotating speed of 3150 rpm (frequency 52.5 Hz) and the stress ratio of 1. Push-pull type of axial cycling was performed for "UL" specimens by a Shimadzu USF-2000 ultrasonic machine at a resonance frequency of 20 kHz at room temperature, also with the stress ratio of 1. The geometries of two types of specimens are shown in Figure 2 . The round notch surface was ground by grade 400, 800, 1500 and 2000 abrasive papers and polished to a smooth finish.
Experimental results
Figure 3(a) shows the S-N data for the three groups of specimens under rotating bending fatigue test. It is seen that the shape of the S-N curves differs from each other for the three types of heat treatment with the same material. For RB150, the S-N data almost display a tendency of straight line. The shape of S-N data of RB180 presents a duplex or 
